Abstract. In this study the dewetting process on micropillars of three different cross-sectional shapes, i.e. circular, square and triangular, was numerically investigated. The influence of the orientation of the triangular and square micropillars on the dewetting behavior was also studied. The numerical simulations showed that the cross-sectional shapes of the micropillars and their orientation play an important role in determining the flow pattern of the dewetting process, especially the evolution and movement of the meniscus across the micropillar before a microdroplet is formed. The diameter of the microdroplets is mainly determined by the capillary effect, viscous drag and fluid inertia contributed by the peeling rate and the thickness of the water layer above the micropillar. The numerical results also indicate that the hydraulic diameter of the micropillars (Dp) is one of the parameters governing the size of the microdroplets formed on the top surface of the micropillars after the dewetting process, while the microdroplet diameter is almost insensitive to the cross-sectional shape and orientation of the micropillars. The dimensionless diameter of the microdroplets (d) can then be expressed as a function of a dimensionless group, i.e. the Ohnesorge number (Oh), the capillary number (Ca), the dimensionless liquid thickness (H), and the contact angle (θ).
Introduction
In recent years, the generation of microdroplets on solid surfaces through dewetting has received great attention in many scientific and engineering applications. Sugiura, et al. [1] have performed an experimental investigation of droplets in microchannels, where the droplet size is determined by the microchannel geometry, i.e. the microchannel depth and terrace length. Xu, et al. [2] experimentally conducted droplet formation from a micrometer screen hole. They found that the flow rate had little influence on the droplet size. Gupta and Kumar [3] studied the effects of T-junction geometry on droplet formation using three-dimensional lattice Boltzmann simulations. Luo, et al. [4] created droplets on stripe-patterned substrates by thin polymer film dewetting. They examined the influence of different dewetting processes on the formation of polygonal liquid droplets. Mulji and Chandra [5] researched the rupture and dewetting of water films on solid surfaces with materials of various wettability and roughness. They disclosed how a liquid film ruptures when it is spread on a surface that is not ideally smooth. Yoon, et al. [6] observed microstructures of polymer thin films on topographically pre-patterned substrates based on a controlled dewetting of films. Their results show that the pattern formations were determined by the geometry and morphology of the dewetted polymer films. Zhang, et al. [7] researched how to form regular polymer microstructures by dewetting thin polymer film. They disclosed a fast and reproducible process that can pattern thin polymer film at micrometer scale by direct dewetting. Martin, et al. [8] studied pattern formation of nanoparticle assemblies by solvent dewetting. They discussed the dependence of nanoparticle size on surface properties. Reiter, et al. [9] investigated the evolution of the shape of the dewetting rim. They argued that dewetting represents a powerful approach for the characterization of the interfacial properties of thin polymer films. Karthaus, et al. [10] studied droplet size and spacing in a micrometer-sized polymeric dewetting process. They examined the effects of polymer concentration and roller speed on the diameter of polymer microdroplets and their lateral spacing. In a previous study of the authors [12] , a microdroplet array was successfully created on a micropillar-featured surface and also the corresponding dewetting process as modeled using a numerical approach, where the mechanism for the formation of the microdroplets on the columns of the micropillars was clarified as well. It was also demonstrated that the size of the nanoparticles created after evaporation of the fluid was controlled by the volume of the microdroplets and the concentration of the solution. Figure 1 shows a schematic illustration of the experimental procedure to generate the microdroplet array adopted in our previous work. The generation of microdroplets is easily achieved by gently placing a stamp featured with a micropillar structure onto a small droplet of solution relocated on the substrate and then peeling it up.
The objective of this work was to investigate the influence of three different cross-sectional shapes and their orientation on dewetting behavior. The correlation between the diameter of the microdroplets and the parameters governing the dewetting process on the micropillar array will also be discussed.
Mathematical Model and Numerical Method
The dewetting process on micropillars discussed in this paper can be described as the evolution of a receding water meniscus located between two solid, horizontally parallel surfaces, caused by rotation of the upper one. Figure 1 The first two governing equations to describe the front-moving flow, i.e. the continuity equation and the Navier-Stokes equation, can be expressed in the integral form over a control volume V as follows:
where the control volume V is bounded by a closed surface S, v denotes the flow velocity, v S the surface velocity of S, ρ the fluid density, t the time, f the The Influence of Cross-Sectional Shape and Orientation 169 external force acting on S, and g the gravitational acceleration. The surface force f is computed as follows:
where v i denotes the velocity component in the direction of the Cartesian coordinate x i with the unit vector of e i , and σ i f denotes the component of surface tension in the direction of x i , µ the viscosity, and p the pressure. The surface velocity v S is then determined by the third governing equation in order to avoid errors caused by the direct calculation of the surface velocity of the cell-face center displacement:
The last governing equation, employed as follows, is to describe the position of the water front:
where c represents the volume fraction of the fluid, i.e. c = 0 for cells filled with air and the case of 0 < c < 1 for cells filled with both fluids and c = 1 for cells filled with liquid (water).
The numerical scheme used to solve these coupled governing equations was based on a finite volume discretization. All vector quantities, e.g. vector position, velocity and moment of momentum, were expressed in Cartesian coordinates. A non-staggered variable arrangement was used to define the dependent variables: all physical quantities were stored and computed at the cell center. An interpolation practice of second-order accuracy was as adopted to calculate the field variables at the center of the cell-face [13] . The deferred correction approach, proposed by Khosla and Rubin [14] , was used to calculate the convection term by blending the upwind and central difference schemes. The diffusion terms were approximated by the central difference scheme with second-order accuracy, while the gradient of field variable was calculated in the same manner as that for the cell-face center. Finally, the SIMPLE algorithm proposed by Patankar [15] was adopted to separate the coupling between velocity and pressure. Details of the mathematical model and the numerical scheme can be found in our previous work [16] . For non-circular micropillars, the hydraulic diameter (D h ) is adopted to characterize the size of the micropillars instead of D p . The value of h w has little influence on the size of the microdroplets, provided it does not exceed a critical depth [12] . The typical grid adopted in the numerical simulation was 0.7×10 6 hexahedral cells to discretize the computational domain for a row array arrangement consisting of five micropillars, see Figure 2 . A body-fitted grid was employed to describe the flow space, which was regenerated at every time step to exactly match the computational domain defined by the peeling movement of the upper surface. The liquid-gas meniscus was tracked by an interface-capturing approach in which the numerical grid extended over both liquids and the front was implicitly defined by location of volume fraction equals 0.5. The typical time step used in our numerical simulations was in tens of nanoseconds to ensure the required numerical stability. Figure 3 shows the droplet volume (V d ) for the case of D p = 7 µm and ω = 10 rad/s with eight successively refined grids. The dash-dot line is the grid-independent solution estimated using the Richardson's extrapolation [17] . For the typical grid, the discretization error was less than about 1.6%. 
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Results and Discussion The diameter of the droplets is mainly determined by the contribution of capillary, viscous, and inertia forces. The volume of a microdroplet V d was employed to calculate the effective diameter of a microdroplet (D), as follows:
Dewetting simulations on square and triangular micropillars at different orientations, with α denoting the orientation angle, were conducted to disclose the influences of the cross-sectional shape and its orientation on the dewetting process. Figure 5 gives the evolution of the water front moving across square micropillars for D h = 7 µm and ω = 10 rad/s with four different orientations, i.e. α = 0°, 22.5°, 45°, and 67.5°. A different orientation leads to similar flow patterns but results in detachment times of the microdroplets. The square micropillar at α = 45° gives the shortest detachment time from the four different orientations because it has the most streamlined outline in the aft part, while the square micropillar with α = 0° has the longest detachment time because it has the most blunt outline in the aft part. Figure 6 illustrates the final position of the microdroplet on the top surface of a square micropillar at different orientations. The microdroplet is prone to stay near the far edge on the top surface along the peeling direction, except when two symmetrical far edges exist. The diameter of microdroplets left on the top surface of micropillars can be expressed as a function of the geometry of the micropillar, fluid properties, and peeling speed:
With the help of a dimensional analysis, the dimensionless diameter of microdroplet (d) depends on the following dimensionless group:
where
, and θ denotes the contact angle. The contact angle is formed between the solid surface and the tangent to a collapsing family of isodensity curves far away from it. This contact angle is found to increase almost linearly with the capillary number. The influence of L on the magnitude of the droplet diameter in a linear arrangement is negligible [18] . In our simulations, the change in the Ohnesorge number (Oh) was determined by the choice of D p , while the variation in the capillary number (Ca) was governed by the selection of ω. . The dimensionless microdroplet diameter varies little compared to the crosssectional shape with the same size of D h . The size of the droplet is also almost insensitive to the orientation of the micropillar. The numerical results suggest that the dimensionless microdroplet diameter is not a function of the crosssectional shape and orientation of the micropillar. This indicates that the crosssectional shape and orientation of the micropillar can only enhance the hysteresis effect of the water front as it moves across a solid surface [19] , which leads to a substantial velocity difference between the main front and the fluid on the micropillar. The dimensionless droplet diameter d grows with the increase of H for small liquid thicknesses, where the value of d becomes saturated until a
critical value of H cr (= 2.5) is reached. This is explained by the diminishing influence of the upper plate as the fluid thickness grows. In the case of a fixed Ca and θ, the size of the droplet grows with the decrease of Oh. This can be explained by the prevailing capillary effect on the surface at small Oh numbers, which dominates the front-moving process across the micropillar and leads to a growth of the droplet diameter. In cases of a fixed Ca and Oh, a large contact angle results in a large microdroplet due to the growth of the wetted surface on top of the micropillar. In the case of a fixed Oh and θ, the size of the droplet grows with the increase of Ca. When the value of Ca increases, the viscous force on the wetted surface, i.e. on the top surface of the micropillar, magnifies, which slows down the movement of the water front attached to the top surface of the micropillar. Thus, the capillary force is prone to create a microdroplet with a large diameter.
Conclusions
The influences of three different cross-sectional shapes and their orientation on microdroplet formation via a dewetting process were studied using a numerical approach. The numerical simulations show that the cross-sectional shape of a micropillar and their orientation give similar flow patterns, but have a nontrivial effect on the detachment time. The numerical results also indicate that the microdroplet diameter is almost insensitive to the cross-sectional shape and orientation of micropillars with the same size. The size of the droplets grows with the decrease of Oh, but reduces with the decline of Ca.
